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- Uniaxial tests using a servocontrolled testing
{ ment at the gagefjlength were gerfgrmg_d oh a high~strength,

monotonic and cyclic loadings with jstrain rates _
10 4o +ha miawe [t pomer /00

Titanium Alloy. Tests ip¥0lv

, stress rates from to #/MPa and short-

term relaxation and creep tests. The inelastic behavior is strongly rate-

i between 2x1'9’8“ to

dependent. Ratchetting is shown to increase as the stress rate decreases. No
strain-rate h:i‘.story effect was found. A unique stress-strain curve is ulti-
mately reached for a given strain rate irrespective of prior history as long
as only positive stresses are imposed. In the plastic range the relaxation
drop in a given time period depends only on the strain rate preceding the test

- and is independent of the actual stress and strain. The results are qualita-

tively in accordance with the viscoplasticity theory based on total strain and

overstress. f
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INTRODUCTION

Stress~strain curves obtained under dynamic conditions (at strain rates
above 100 s-l) can lie significantly above static stress-strain curves obtained
at static strain rates (order 10-2 s-l or less). Frequently in the case of
static test results no specific strain rate is reported with the implication
that rate (time)-independence prevails for static loading conditions. However
static stress-strain curves can be obtained at loading rates which differ by
several orders of magnitude, and rate-dependence may be present within the
static strain-rate range. Indeed this has been demonstrated in the case of
several metals [1-3] tested at room temperature. For AISI Type 304 Stainless
Steel we have found significant room-temperature rate dependence manifested
in loading-rate sensitivity of the yield and flow stresses at different static

- strain (stress) rates, and in creep and relaxation behavior. AISI Type 304

Stainless Steel exhibits low-yield strength, considerable work hardening, and

high ductility. The Titanium Alloy used in this study has high-yield strength,
normal work hardening, and considerably less ductility than AISI Type 304
Stainless Steel, and it is of interest to determine whether rate (time)-
dependent behavior* occurs in this high-strength, low-ductility material. The
room-temperature tests veported herein indicate significant rate-dependence in
this Titanium Alloy very much akin to the rate-dependence observed in AISI Type
304 Stainless Steel. The tests consist of monotonic and cyclic loadings at

static strain (stress)-rates differing by five orders of magnitude; and short-

term relaxation tests. The results show that each loading rate has its own
characteristic stress-strain curve and that rate-dependence is significant in

static loading.

.Rate (time)-dependence encompasses loading rate sensitivity, creep and
relaxation.
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In viscoplasticity, some constitutive theories assume the existence of
a quasistatic or equilibrium stress-strain curve [4-8] characteristic of the
rate-independent portion of material response. In some cases [4-6] dynamic
rate-dependence is recognized while rate-independence is assumed over the
static strain-rate range, and the static (equilibrium) stress-strain curve is
assumed to correspond to any static loading rate. The results of this study
show that rate-sensitivity of yield and flow stresses remains significant in
Titanium at low (static) loading rates, and that the equilibrium stress-strain
curve used in constitutive theories should be determined at strain rates below

1078 g7,

MATERIAL AND SPECIMENS

The Ti-7A1-2Cb-1Ta Alloy was donated by the Naval Research Laboratory and
was identified by the NRL Code T89. Blanks of approximately 20X20X120 mm were
cut from the top (Label T) and bottom (Label B) of a 3-in. (76.2 mm) thick
plate. The longest side of the blanks was parallel to the direction of rolling.
To equilibrate texture effects the blanks were subjected to a beta-anneal heat
treatment of one-half hour at 2000°F in vacuum and subsequent cooling to room
temperature in Helium at a rate approximating air cooling. Two different types
of specimens shown in Figure 1 were machined from the heat-treated blanks. The
specimens with the short-gage length were used for the cyclic experiments. A

total of nine specimens were tested.

TESTING EQUIPMENT AND PROCEDURE
All specimens were tested in an MTS servocontrolled tension-torsion system
with dual ramp function generator and the test results were recorded on an
XY-recorder. Displacement was in all cases measured by an MTS clip-on exten-
someter clamped on the gage length and converted to engineering strain and

strain rate using standard methods. In the following we refer to stress (strain)
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control, creep, and relaxation. In actuality the load (displacement) is con-
trolled. During creep the load is kept constant and during relaxation the
displacement in the gage length is held fixed. ‘
The clip-on extensometer together with the function generator and the
servocontrolled system enable an accurate strain control which is not possible
with conventional testing machines. By simply changing the command signal
stress control can be achieved in the servocontrolled test system.
We have basically two sets of test histories, repeated loading and unloading
with no negative stresses; and cyclic, completely reversed strain and load
control using a sawtooth input signal. Each test history is piecewise linear
in time and consists of constant stress or strain rate (ramp forcing function),
of intervals of creep (constant load forcing function) or of relaxation inter-
vals (constant displacement forcing function). All tests were executed at room
temperature in air environment.
In some cases the extensometer was rezeroed before the test was restarted.
If this is so, the prior history of deformation is noted on the graph. Engi- .
neering stresses based on the original cross section are used throughout this

study.

TEST RESULTS

Behavior for Positive Stress

Influence of loading Rate. Test results of three different specimens

B2, B5 and T5 are depicted in Figure 2. Specimen B2 was loaded under stress

control at 69 MPa s-l. Repeated loadings and unloadings with strain rate

changes were used in the tests with specimens B5 (full line) and TS5 (dashed
line).
The stress-strain behavior is initially linear with slope E on all :

loadings starting at points O, D, Fand F At stresses larger than 450 MPa

1.
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the effects of rate become noticeable and are significant in the plastic
range*. Also the 0.2% yield strength is dependent on rate as seen in
Figure 2.

Table I shows the variation of the 0.2% offset yield strength with
loading rate. The difference between the yield strength at the slowest

8 3 s-l) strain rate is 21% or 131 MPa.

(2x10°° s71) and fastest (1.7x10”
The yield strengths for three different specimens determined at the same
strain rate (10-4 s-l) differ at the most by 13 Mpa or 2%. We see that the
scatter is not very large and that the influence of rate is very noticeable
in the range of "static" strain rates.

The initial unloading behavior starting at points C, Cl, E and El is not
linear elastic. The slope is initially larger than the elastic modulus and
continuously decreases as the stress decreases. At zero stress the unloading
slope is less than the elastic modulus.(see also Figure 3). The initial
slope on reloading is equal to the modulus of elasticity and a small hyster-
etic loop develops as shown in Figure 2.

In the plastic range the stress-strain curves obtained at different
strain rates are equidistant. The stress-strain diagram for specimen B2
obtained under stress control, however, shows a somewhat higher slope at a
given strain level than the others.

For specimens BS and TS5 which were subjected to a different strain-rate

history up to points F and F,, respectively, the same strain rate of 1070 571

was used in the final loading starting at F and Pl and the two curves ultimately

coincide within normal scattex.
Although specimens B5 and TS5 underwent different strain and strain rate

histories, their final stress-strain curves coincide when loaded with the same

*
Plastic range is the region of the stress-strain curve in which the tangent
modulus is small compared to the elastic modulus.
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final strain rate. We conclude that the material forgets the prior history
and that a strain rate history effect [9-11l] is absent.

Figures 3 and 4 further demonstrate the effect of loading rate. 1In
Figure J‘lpdéilon T4 was first loaded and unloaded to zero stress at a strain

rate of 10’5 .-1

+ see curve (1) OA. At point A a stress controlled loading
was at;f;od right avay. During one loading and unloading cycle the stress rate
was k.iﬁ'coug)ant; however, each new cycle (points B and C) was started with a
tenfold reduced stress rate without changing the maximum stress, see curves (2),
(3) and (4). It is evident that the stress rate has a significant effect on
the ratchet-strain (distances AB, BC, CD) accumulated during one cycle. This
ratchet-strain is caused by a "creep deformation"” allowed by the stress control
at stress levels approaching the maximum stress of the cycle*. This creeping
is negligible at a stress rate of 21.7 MPa s-1 but becomes significant at
0.217 MPa s'l. The stress controlled (2), (3), (4) and the strain controlled (1)
unloading curves (4) and (1) display significant differences. The former show
negative slopés.which are absent for (1). For curve (2) the negative slope is
not pronounced since not enough time is available for creep to develop during
initial unload;ngs.

Figure 4 is intended to illustrate this effect of "creeping out" further.
In this tosg only partial unloading is performed between omax and omin and the
stress rate is varied by four orders of magnitude. It is important to note
that the maximym stress equals the maximum stress obtained during prior loading.
At |&i| ten leading-unloading cycles produce a small ratchet strain which is
somevhat increased when the rate is decreased to |62| . (The dashed lines indi-
cate a horizontal translation made for ease in interpreting the graph; they do

not designate a ratchet strain.) A single cycle at |53| produces almost as

*
Such creeping motions are impossible in displacement control.




much ratchet strain as ten cycles at |01|. The two slowest rates produce

significant ratchet strains. It should be noted that the last cycle took

51.42 hours to complete. 1

'
[
v

We see that stress rate has a significant effect on the ratchet strain
accumulated in one cycle. It is of course very strongly dependent on stress
level. Figure 4 implies that insignificant ratchet strain would have developed ?
at a stress of 690 MPa at |65|, since the stress-strain curves corresponding to
this loading rate are almost linear up to this stress level. Also the evidence
in Figures 3 and 4 suggests that the ratchet strains measured at Om. in

in

Figure 4 are approximately equal to the ones measured at ¢ = 0.

Relaxation Behavior for Positive Stresses. The relaxation behavior of

this material in the plastic range is shown in Figure 5 which depicts stress

drops in 10 minutes and subsequent reloading at various strain rates. It is
evident that the total stress drop and therefore the relaxation rate depends
on the strain rate preceding the relaxation tests. The total stress drop is
further independent of the strain at the start of the relaxation test. 1In
other tests started at strains below the ones used in Figure 5 we found that
the stress drop is also independent of the initial stress. The validity of
these statements is demonstrated in Figure 6 where the stress drops in ten-

minute relaxation of three different specimens are plotted versus total strain.

; We know from Figure 2 that a unique stress-strain curve is associated with a given
s [' strain rate. Consequently the stress drops shown in Figure 6 are also inde-

pendent of the stress at the start of the relaxation test.

: A crossplot of Figure 6 is shown in Figure 7 where we have added the

e

r stress drops for four- and one-minute relaxation time. Each point is the

average for corresponding tests with specimens B4, B5 and T4.
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® The data in Figures 5 through 7 permit the following statement:
l. In the plastic range the stress drop in a given period of time

depends only on the strain rate preceding the relaxation test.
l, It 18 independent of the stress and strain at the start of the
f relaxation test.
- The slopes of the reloading curves which commence after the ten-minute
relaxation period in Figure S5 appear to depend on the strain rate. They
decrease with decreasing strain rate. For the 10-7 s-1 curve a negative
slope is obtained. It appears that the initial slope is close to the elastic

modulus for 10-3 s-1 but less than the elastic modulus for strain rates below

10-3 s-l.

Figure 8 reports the results of a separate test where the relaxation period

was extended to twenty minutes followed by reloading at 5><10-5 s-l. Figure 8

et

shows that the initial slope is slightly less than the elastic modulus. Other
tests such as given in Figure 5 indicate that the exact value of this initial

slope appears to depend on both the duration of the preceding relaxation test

and the strain rate with which reloading is performed.

Figures 5 and 8 show that stress-strain curve eventually returns to a
level characteristic of the particular strain rate. The material forgets the
prior history if only relaxation and loading periods are involved. Instead of
performing relaxation during loading, in the test corresponding to Figure 9 a
relaxation period was introduced after partial unloading. It is evident that
relaxation occurs at a reduced rate in the initial nearly linear section of

the unloading stress-strain curve. Upon continued unloading the stress-strain

curve does not return to the assumed original unloading curve (dashed in

Figure 9). Rather it is displaced to the right.
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Stress Change During Strain Rate Changes. Figures 2, 5 and 8 indicate

; that there exists at every strain a stress level characteristic of a given

: strain rate. Available data involving frequent relaxation periods and strain
b

|

rate changes such as shown in Figwe 5 were analyzed by determing steady stress

6 ana 1073 7!

values at a given strain for 10 . The results are shown in

-

Figure 10. It is seen that the stress level differences are independent of

strain and prior history as long as no cyclic loadings are involved.

Reversed Cyclic Loading

Strain Control. Completely reversed strain controlled cyclic loading was

performed at a strain range of Ac = 1.6% (Bl) and 2.4% (Tl), respectively.

Figure 11 demonstrates how the maximum tensile (Ut) and compressive (oc) stresses

change with cycles. The stress range (A0 = ot-oc) is almost constant indicative
of cyclically neutral behavior.

Aftér the steady cyclic behavior was reached the effect of strain rate on
the hysteresis loop was studied by changing the strain rate at suitable cycle
intervals. At each strain rate two or three cycles were recorded before the
next strain rate change was initiated. Both step-up and step-down changes in

strain rate were performed.

After each change in strain rate a different hysteresis loop developed.
The transition from one loop to the next was accomplished within less than

.05% strain and was fully reversible, e.g., after a step-up test from II.O-6 to

-3 -1 6 -1
8

10 followed by a step-down test to 10 ° s~ the two hysteresis loops for

10-6 s-l coincided within experimental accuracy.

An increase in strain rate results in an increase in stress range and a

decrease in the width of the loop at zero stress. The results are shown in

Figure 12. For a change in three orders of magnitude in strain rate the

corresponding stress range changes are 95 MPa or 7% and 125 MPa or 1lls at




Ae = 1.6% and Ac = 2.4%, respectively. We also note that the two relationships

Ao vs. strain rate are straight lines in the semilogarithmic plot. The line for

Ao at Ae = 2.4% has a higher slope than the one for Ac = 1.6%. The plastic

o
-~

strain range (dashed lines in Figure 12) decreases with increasing strain rate.

Figure 13 illustrates how "inelasticity is distributed" around the hyster-

b e

esis loop. The arrows with the numbers indicate the strains at which a two-

minute relaxation test was introduced. At the end of these tests loading

resumed at a strain rate of 10-3 s-l. It is seen that no relaxation occurs in

? two minutes in the nearly straight portions of the loop and that relaxation
increases gradually as the slope decreases. The initial slope at the commence-

t ment of each loading following relaxation is very close to the average slope

g i during unloading and close to the modulus of elasticity. After the relaxation

E periods the stress-strain curve returns to the original hysteresis loop. The

{ ? relaxation periods are forgotten. (The differences in the compression part of

' Figure 13 are probably due to continued cycle dependent changes in the loop.

Figure 11 indicates that a complete steady state has not yet been reached at

30 cycles.)

Load (stress) control. Specimen B3 was used to perform stress-controlled

loading with two-minute constant load creep periods (6=0) as indicated by the
arrows on the right of Figure 14.

i Starting from the origin the specimen was loaded to a maximum load and
then unloaded to zero stress at point A, the end of section (1l). Section (2)

starts at A and ends at B where loading in compression and subsequent reloading

in tension followed. Section (3) terminates at point C.

On loading (5>'0) creep develops gradually and in a nonlinear fashion.

(Although the highest and lowest stress levels at which creep tests were
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performed differ by less than a factor of two, the respective creep strains

accumulated in two minutes differ by much more than a factor of two.) We

also note that at the same stress level creep is less during unloading than . 1
during loading. This can be seen at the two highest stress levels of each l
of Sections (1), (2) and (3). Indeed no creep was found at all at the low !
stress levels during unloading. Also the creep strains during loading are
at the same stress level different for sections (1), (2) and (3). Creep is i
least developed for section (2).
After the tests shown in Figure 14 the maximum stress was increased to
1

+779 MPa and uninterrupted cycling continued for ten cycles at 1.5 MPa s .

Then after completion of one cycle the stress rate was consecutively decreased

at zero stress going into compression and the changes in the hysteresis loop
were observed, specifically the strains at zero stress. Figure 15 shows that
the loop shifted towards positive strains (e* increases as the stress rate was
decreased), and that both the width at zero load (Aepl) and the total width

(Ae ot) increased with decreasing rate. We also note that Aep increases much

t 1

faster than Aetot
The movement of the hysteretic loop to the right is probably due to a

higher maximum true stress in tension than in compression (We use load control.).

The movement is permanent. An increase of stress rate will narrow the loop;

it will, however, continue to move towards positive strains. The original

position of the loop, in contrast to strain cycling, will not be obtained when

the stress rate returns to the same value after an excursion to low or high

stress rates.

|
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DISCUSSION

The results of this study show clearly that the inelastic deformation of
this material is rate~dependent. The rate-dependence is basically logarithmic;
the loading rates must be changed by an order of magnitude to get a sigrificant
change in the stress-strain behavior.

Both the elastic and inelastic behavior of this material is very consistent
and very well reproducible. The modulus of elasticity (the slope at the stress-
strain origin) for example was determined on nine specimens to be 117 GPa + 1 GPa.
It was independent of loading rate or gage length of the specimen.

From the results of this study a number of important qualitative conclusions

regarding constitutive equation development can be obtained.

No Strain-Rate History Effect

The results shown in Figures é, 5, 10 and others demonstrate that prior
history can be "forgotten." A unique stress-strain curve is obtained for a
given strain rate and positive stresses irrespective of prior history. We do
not observe a strain rate history effect [9-11]. These results are in agreement
with our findings for AISI Type 304 Stainless Steel {1,2] but are at variance
with results obtained in dynamic plasticity [9-11] where strain rates in excess

of 107t g7

are involved.

The materials used in dynamic plasticity are different from the ones used
by us. This fact could explain the difference in the findings. However, a very
important difference is also in the experimental equipment. The servocontrolled
testing machine insures that the strain rate is always maintained at the speci-

fied value. Such assurance is not available in dynamic plasticity experiments.

Inelasticity is Rate-Dependent

Inelasticity manifests itself through loading rate dependence, creep and
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relaxation (Figures 2-5, 13 and 14). Moreover it is shown in Fiqure 5 that an
increase in loading rate causes an increase in the relaxation drop in a given
time period. This result is confirmed by the other results shown in Figures 6
and 7.

The results further suggest that the source of inelasticity is the loading
rate. A low loading rate causes reduced relaxation. Relaxation effects are
pronounced when loading rates are high. The same qualitative relationships
were found for AISI Type 304 Stainless Steel [1,2]. We suggest that relaxation

will be absent for extremely slow loading.

Relaxation and Strain Rate-Stress Change Behavior

Figures 5-7 show that relaxation behavior depends only on the strain rate
preceding the relaxation test. Figures 5 and 6 also demonstrate that this
property is independent of the prior history.

Figures 2 and 5 further suggest that a stress-strain curve is character-
istic of a given strain rate irrespective of the prior history. This property
is verified in Figure 10. The data are from two specimens which underwent
repeated relaxation and strain-rate change tests. (For clarity only the curves
pertinent to 10-3 and 10"6 s-1 are shown.)

A dependence on prior history is, however, shown by the data obtained in
Figure 10 with specimen Tl which underwent prior strain cycling at Ac = 2.4%.
After about 60 cycles the specimen was unloaded from tension to zero load. A
regular tensile test with strain rate changes was then started.

Figure 10 then shows that the absolute stress level of the cycled specimen
is less than for the zero-to-tension loaded specimens T4 and TS5. Some cyclic
softening (see Figure 1ll) has occurred. Table II, however, demonstrates that
the stress change before and after cyclic loading is equal within the accuracy

of the extrapolation used in getting the data.
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The inelastic behavior of this high-strength Ti-alloy is that of a
nonlinear viscoelastic material as long as only zero-to-tension loading is
considered. Prior loading history in strain-rate change and relaxation is
forgotten after an initial transient period.

Cyclic loading changes the stress level characteristic of a given strain
rate. The strain rate-stress change behavior remains unaltered.

In the experiments on AISI Type 304 Stainless Steel [1] which undergoes
considerable cyclic hardening both the stress level and the stress level differ-
ence were altered. For the Ti-alloy only the stress level is affected by cyclic

loading.

Unloading and Reloading Behavior

Figures 2-5, 9, 13 and 14 show that inelastic behavior is observed at and
below the prior maximum stress level of a specimen. This is especially true
fo; Figures 9, 13 and 14. Figures 13 and 14 also indicate that inelasticity
develops differently in loading and unloading.

In the unloading leg, beginning at some stress level Lkalow the maximum
stress, a nearly rate-independent, linear behavior is observed which in this
material extends to and beyond the zero stress axis. It appears therefore that
during unloading a region of almost elastic behavior is found which is very
close to the behavior obtained at the origin upon initial loading.

The observed behavior contradicts viscoplasticity theories which assume
that the yleld surface extends with the stress point and that elasticity pre-
vails inside the yield surface.

Alsc the observed creep behavior in Figure 14 is at variance with creep
theories which assume that creep rate depends only on creep strain and stress.

Similar observations have been made for AISI Type 304 Stainless Steel [1,2].

This material also exhibits mechanical behavior at variance with the previously
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mentioned viscoplasticity and creep theories.

The type of control influences the unloading behavior considerably. When
a low stress rate is used creeping out is observed during unloading, which can
be considerable (Figures 4 and 3). No such creep effect is possible in strain
control. Constitutive theories should account for this bias between stress and

strain control.

Comparison with Others

Historical remarks. The test results do not support the notion of rate

(time) -independent behavior postulated in plasticity theories. It is interest-
ing to observe that room-temperature rate-dependence of metals was reported by
Ludwik [17,18] in 1909. Prandtl {19] in a 1928 paper considers rate-dependence
in his theory which postulates that the applied load is proportional to the
logarithm of the deformation rate (Egs. (17) and (18) in [19]). Ludwik's
observations [17,18]) were not used by V. Mises [20] when he established his rate-
independent theory in 1913. His notion of rate-independence is still widely
accepted.

The present results are qualitatively in accordance with [17,18,19] but
show in addition that rate-dependence, creep and relaxation are in interdependent.

Own experiments on AISI Type 304 Stainless Steel. Although AISI Type 304 SS

is low-strength, high-ductility material, its inelastic behavior [1,2] is quanti-
tatively the same as this high-strength, low-ductility Ti-alloy'. Although the
stress levels are quite different in the two cases, the relaxation, the strain
rate-stress change behavior and the unloading behavior are qualitatively the
same. These findings suggest that the viscoplastic model based on total strain
and overstress [12-16] is capable of qualitatively reproducing the behavior

observed herein.

'All tests with the Ti-alloy were terminated at strains of approximately 7s.
Small cracks were usually observed around this strain.
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TABLE I

RATE-DEPENDENCE OF 0.2% OFPSET YIELD STRENGTH o

Specimen € 4 OY
¥o. 5—1 MPa s-l MPa
Bl 1074 738
B2 69 764
B4 1074 730
BS 1.7x10"3 763
m 104 725
74 1070 675
5 2 x 1078 632
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TABLE II

STRAIN RATE CHANGE - STRESS CHANGE BEHAVIOR

Strain Rate Change Corresponding Stress Change® Mpa
From _, To Zero-to-Tension After Cyclic™™ H
-] Loading Loading
Specimen T4 Specimen T1
1073 1074 24,9 24.8
1073 107> 45,8 47.6
1073 1076 65.6 63.7
1073 1077 82,1 79.7
1074 102 20,9 19.5
1076 1076 40,8 37.2
107> 1078 19.4 17.7

*
Stress change is obtained from the xy-records by an extrapola-
tion of the respective stress-strain diagrams. An example of
such an extrapolation is given in Figure 5.

*% i
About 60 cycles at + 1.2%.
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FIGURE CAPTIONS

Specimens Used in This Study

The Effect of Loading Rate and Type of Control on the Stress-
Strain Diagram of Three Different Specimens.
No strain-rate history effect is observed.

Effect of Type of Loading and Loading Rate on Unloading Behavior.
The amount of ratchet strain (strain accumulation) increases
with a decrease in stress rate.

Effect of Stress Rate on Ratchet Strain for Partial Unloading.
The two dashed horizontal lines indicate a translation made
for ease in interpreting the graph. They have no physical
significance.

Relaxation and Strain-Rate Change-Stress Change Behavior.
After completion of a ten-minute relaxation test loading
was continued at the indicated strain rate. The distances
a are examples of the stress changes reported in Table II.

Stress Drops during Ten-Minute Relaxation Tests Obtained with
Specimens B4, BS, T4.
Although each specimen was subjected to a different history,
the relaxation behavior depends only on strain rate prior to
the start of the relaxation test.

Stress Drops Corresponding to Various Relaxation Times vs.
Strain Rate Prior to Start of Relaxation Test.
Points are average values of specimens B4, B5, T4.

Relaxation Test (20 min) and Subsequent Reloading.
The slope upon subsequent reloading is slightly less than the
elastic modulus.

Relaxation Periods of 20 Min. during Loading (a) and Unloading
Below the Maximum Stress Level (b).
The relaxation period (b) causes a displacement of the stress-
strain curve to the right.

Stress Values Characteristic of a Given Strain Rate vs. Strain
for Three Different Specimens.
Each specimen was subjected to frequent relaxation and strain
rate changes as demonstrated in Figure 5. Although the stress
levels are different for the cyclically preloaded specimen the
stress level differences for the same strain rates are equal.
See also Table II.

Maximum Tensile Stress 0, and Maximum Compressive Stress Og Vvs.
Cycles.
The stress range (0, - O ) changes very little indicative of
cyclically neutral behavior.

o e




L

eaaaeiiE. S

N ot e 30t ot e sy r

4
¥
&
¥
%

FIGURE CAPTIONS (continued)

Figure 12 The Influence of Strain Rate on the Stress Range and the Width

of the Hysteresis Loop at Zero Stress for a Strain Range of
2.4 and 1.6%.
Transitions from loops obtained at various strain rates are
reversible.

P e p—

Figure 13 Strain-Controlled Test at At = 2.4% with Two-Minute Relaxation
I Periods Commencing at Each Arrow and Subsequent Loading at
i |€] = 1073 -1,

Almost elastic behavior is observed in the nearly straight
I portions of the loop.

. Figure 14 - Load Controlled Loading.

{ At the stress levels corresponding to the arrows on the right

! two-minute creep periods are introduced. Creep develops
gradually and is more pronounced on loading than on unloading.

i

I Figure 15 - Load Controlled Loading, Continuation of Test in Figure 14.

The influence of loading rate on the total strain range, the

plastic strain range and the strain reached during unloading
{ from tension. The movement of the loop towards increasing
strain is permanent.

————
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